Periventricular white matter injury (PWMI), is the leading cause of chronic neurologic injury among survivors of preterm birth. The hallmark of PWMI is hypomyelination and a lack of mature, myelinating oligodendrocytes. Oligodendrocytes undergo a well-characterized lineage progression from neural stem cell to mature oligodendrocyte. Oligodendrocyte precursors have increased susceptibility to oxidative and free radical-mediated injury compared to mature oligodendrocytes due to lower levels of anti-oxidant enzymes and free radical scavengers. In this study, we show that oxidative stress disrupts oligodendrocyte differentiation by two mechanisms. First, oxidizing agents decrease the expression of key genes which promote oligodendrocyte differentiation from neural stem cells and increase the expression of genes known to inhibit differentiation. Second, global histone acetylation persists under conditions of oxidative stress, further contributing to the prevention of oligodendrocyte differentiation. Both of these mechanisms result in the arrest of oligodendrocyte differentiation without an increase in cell death.
Introduction
Advances in neonatal intensive care have resulted in improved survival of very low birth weight (VLBW) infants (<1.5 kg), however a number of these survivors have long-term neurologic disabilities which include cerebral palsy, cognitive and learning disabilities, and vision and hearing loss (Martin et al, 2005; Wilson-Costello et al, 2005) . Periventricular white matter injury (PWMI), a spectrum of brain injury that ranges from focal cystic necrotic lesions (periventricular leukomalacia) to diffuse demyelination, is the leading cause of chronic neurologic injury in this population (Volpe, 2001a; Volpe 2001b) . Early stages of PWMI are characterized by white matter volume loss and the loss of oligodendrocytes, the cellular source of myelin in the central nervous system (CNS).
The pathogenesis of PWMI is complex and multifactorial. There is evidence linking PWMI with maternal and/or fetal infection (Hagberg et al, 2002; Dammann et al, 1997; DiSalvo 1998) , hypoxia/ischemia (Yesilirmak et al, 2007) , impaired regulation of cerebral blood flow (Fukuda et al, 2006) , formation of free radicals (Haynes et al, 2005) , impaired myelination due to oligodendrocyte injury/loss (Cai et al, 2000; Inder et al, 2000) , apoptotic cell death (Kadhim et al, 2006) , microglial activation (Volpe, 2001 ) and excitotoxicity (Follett et al, 2004) . Despite growing literature detailing associations, very little detailed information exists about the cellular mechanisms by which PWMI occurs. Several investigators have suggested that proinflammatory cytokines and reactive oxygen species disrupt precursor cell maturation and lead to arrest of oligodendrocyte development resulting in hypomyelination.
The period of greatest vulnerability for PWMI in the developing fetus and premature infants occurs between 23 and 32 weeks postconceptional age (Volpe, 2001b) . This corresponds to the developmental window when oligodendrocyte precursors and immature oligodendrocytes are the predominant cell types in the cerebral white matter (Back et al, 1996; Back et al, 2001 ). Several studies demonstrate that the oligodendrocyte lineage displays maturation-dependent vulnerability to cellular injury. Immature, developing oligodendrocytes display increased susceptibility to oxidative stress and free radicalmediated injury compared to mature, myelinating oligodendrocytes due to lower levels of anti-oxidant enzymes and free radical scavengers, such as glutathione Baud et al, 2004b; Fern et al, 2000) and higher concentrations of unsaturated fatty acids and high rate of oxygen consumption (Halliwell, 1992) . Studies in perinatal rats and rodent cell culture confirm that reactive oxygen species injure oligodendrocyte progenitors, leading to precursor cell death with subsequent decreased numbers of mature oligodendrocytes and ultimately hypomyelination in the cerebral white matter (Levison et al, 2001 ).
Oligodendrocytes undergo a defined lineage progression from neural stem cell to mature oligodendrocyte which has been well characterized through the assessment of stage specific antigens (Miller, 2002) . Early inhibition of oligodendrocyte development appears to be dependent on both inhibitory signaling and epigenetic regulation. During oligodendrocyte development, histone deacetylation is critical for differentiation in the developing brain by either repressing genes that inhibit differentiation or by repressing negative regulatory elements in oligodendrocyte gene promoters so that maturation of oligodendrocytes can occur (Marin-Husstege et al, 2002; Liu et al, 2007) .
In the present study, we used an in vitro model of oxidative stress to examine changes in expression of genes important to oligodendrocyte differentiation and how altered epigenetic regulation may contribute to those changes in gene expression. We show that treatment of oligodendrocyte precursor cells with oxidizing agents decreases expression of genes important in promoting oligodendrocyte maturation, such as Shh, Sox10, HDAC3, Olig 1 and Olig 2, and increases expression of Id2 and Id4, genes which inhibit oligodendrocyte differentiation. Finally, we show that oligodendrocyte differentiation is arrested in the precursor stage without an associated increase in cell death after exposure to oxidative stress. These results suggest that oxidative stress leads to the disruption of oligodendrocyte differentiation by altering the regulation of key genes required for this process.
Materials and Methods

Cell Culture Generation of Primary Cultures and Immunoselection Procedures
Cultures of oligodendrocyte precursors were established from the forebrains of 0 and 1-dayold Sprague-Dawley rats and seeded in 100mm Petri dishes with serum-containing media as previously described (Grinspan et al, 1995) . After 24 hours, the cells were switched to a serum-free growth medium consisting of DMEM with 100 μg/ml transferrin, 100 μg/ml bovine serum albumin, 16 μg/ml putrescine, 60 ng/ml progesterone, 40 ng/ml sodium selenite, 5 mg/ml N-acetyl cysteine, 1 mM sodium pyruvate, 10 ng/ml d-biotin, 12.5 μg/ml insulin (Sigma-Aldrich, St. Louis, MO), 10 ng/ml basic fibroblast growth factor (R&D, Minneapolis, MN), 2 ng/ml platelet-derived growth factor (R&D, Minneapolis, MN), 1 ng/ ml neurotrophin-3 (Peprotech, Rocky Hill, NJ) as previously described (See et al, 2007) . Cultures were grown in the above medium until confluent.
After confluency was reached, oligodendrocyte precursor cells (OPCs) were isolated from primary culture by immunopanning. Coated Petri dishes were prepared as previously described (Grinspan et al, 1995) . Type 1 astrocytes, neurons and microglial were removed during two sequential incubations on plates coated with RAN-2 antibody (Barres et al, 1992) . OPCs were then collected by incubation on plates coated with A2B5 antibody . The purified OPCs were grown in growth media with growth factors (10ng/ml fibroblast growth factor, 2 ng/ml platelet-derived growth factor, 1 ng/ml neurotrophin-3) on lysine-coated 100 mm plates and on poly-D-lysine-coated coverslips.
OPCs were allowed to differentiate by placing them in differentiation medium containing 50% DMEM, 50% Ham's F12 with 50 μg/ml transferrin, 5 μg/ml putresine, 3 ng/ml progesterone, 2.6 ng/ml selenium, 12.5 μg/ml insulin, 0.4 μg/ml T4, 0.3% glucose, 2 mM glutamine and 10 ng/ml biotin as previously described (See et al, 2007) . To induce oxidative stress, OPCs were treated for up to seventy-two hours with increasing concentrations of Lbuthionine sulfoximine (BSO), an inhibitor of gamma glutamyl cysteine synthetase and ultimately glutathione reductase, or tert-butyl hydrogenperoxide (tBOOH), which leads to lipid peroxidation and the consumption of reduced glutathione and NADPH depletion.
To show that the oxidizing agents appropriately alter the levels of glutathione, we measured total glutathione, GSH and GSSG content in cells following 24 hours of treatment with BSO and tBOOH using a GSH assay kit (Cayman Chemical, Ann Arbor, MI). This assay uses glutathione reductase for the quantification of GSH. Both GSH and GSSG are measured and the assay reflects total glutathione.
SDS-Polyacrylamide Gel Electrophoresis and Western Blot Analysis
To determine protein expression of acetylated H3 and H4, Western blot analyses were performed on OPCs that had been exposed to BSO and tBOOH for 24 to 72 hours. Cells were harvested in ice-cold lysis buffer (containing 25 mM Tris, pH 7.6, 1 mM MgCl 2 , 1 mM EGTA, 1% Triton X-100, 1% SDS, 1 mM PMSF, 50 μg/ml antipain, 2 μg/ml aprotinin, 1 μg/ml leupeptin, 1 μg/ml pepstatin A). The amount of protein was quantified by BCA assay (Pierce Chemical, Rockford, IL). Protein samples (25 μg) were denatured by boiling in sample buffer containing 2.8 M β-mercaptoethanol and separated on a 15% Tris-HCl gel (Bio-Rad Laboratories, Hercules, CA) by electrophoresis. The separated proteins were transferred electrophorectially to Immun-Blot PVDF Membranes (Bio-Rad Laboratories). Membranes were blocked in tris-buffered saline solution with 5% nonfat dried milk powder for 1 hour. Membranes were incubated with anti-acetylhistone 3 and anti-acetyl-histone 4 antibodies. Beta-actin was used as a loading control. For anti-acetyl-histone 3 antibody (Upstate, Lake Placid, NY) a 1:3000 dilution was used. The antibody is polyclonal and cross-reacts with human and mouse. For anti-acetylated H4 antibody (Upstate), a 1:5000 dilution was used. This antibody is polyclonal and cross-reacts with eukaryotes. Primary antibody incubation was followed by horse-radish peroxidase-conjugated goat-anti-rabbit IgG (Bio-Rad Laboratories), using a 1:3000 dilution. Immunoreactive protein was detected with ECL reagents (Amersham, Piscataway, NJ) according to the manufacturer's directions. Then the membranes were exposed to KODAK BioMax MR Film (Eastman Kodak Company, Rochester, NY) for analysis.
Real time PCR
OPCs were harvested after 24 or 72 hours of exposure to BSO or tBOOH. RNA was extracted using TRIzol (Molecular Research Center, Inc., Cincinnati, OH). Five μg of RNA per treatment group was used to generate complementary DNA (cDNA) using random hexamers. Specific primers were purchased from Applied Biosystems (Foster City, CA). Quantitative real time PCR using Taqman (Applied Biosystems) and equivalent dilutions of each cDNA sample was performed with ABI 7900 (Applied Biosystems). The comparative threshold cycle (Ct) method was used for quantification according to the protocol of the manufacturer. Measurement of Ct was performed at least three times per cycle. The relative abundance of the target was normalized to the relative abundance of 18S RNA in each sample. All samples were analyzed in triplicate.
Immunocytochemistry
To ensure purity of OPC culture and to determine differentiation of OPCs under experimental conditions, cells grown on lysine-coated coverslips were processed for detection of surface and internal antigens as previously described (Grinspan et al, 1990) . Briefly, unfixed cells were incubated with primary antibody at room temperature for 25 minutes, washed and incubated in secondary antibody for 25 minutes. After fixation with ice-cold 95% ethanol/5% acetic acid (vol/vol) for 10 minutes, the coverslips were incubated with DAPI (4,6-diamidino-2-phenylidole, 10 mg/ml; Sigma, St. Louis, MO) for 5 minutes, mounted in Vectashield (Vector Laboratories, Burlingame, CA) and sealed in nail polish. Primary antibodies used for the recognition of surface antigens were A2B5 (hybridoma supernatant, undiluted; Eisenbarth et al, 1979) , O4 (hybridoma supernatant, diluted 1:4: Sommer and Schachner, 1981) and galactocerebroside (GalC) (hybridoma supernatant, undiluted, Ranscht et al, 1982) followed by goat anti-mouse IgM (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA). For the recognition of the internal antigen, glial fibrillary acidic protein (GFAP) antibody, we fixed with acid alcohol as above and incubated with anti-GFAP antibody (hybridoma supernatant, undiluted; gift of Dr. Virginia Lee, University of Pennsylvania) followed by goat anti-rat IgG(Jackson ImmunoResearch Laboratories, Inc). All secondary antibodies were diluted 1:100 in serum-free medium. Ten random fields per coverslip were scanned using both a 40× and a 63× oil immersion lens of a Leica DMR fluorescence microscope and the total number of cells, the number of cells labeled with each antibody and the total number of DAPI-positive cells per field were counted and compared. These determinations were performed on cultures from three separate preparations. One-way ANOVA was used to compare means of control, BSO and tBOOH treated OPCs.
Expression of Olig2 protein under conditions of oxidative stress was examined using Olig2 antibody (Chemicon-Millipore, Billerica, MA) at a 1:100 dilution with goat-anti-rabbit IgG (Jackson ImmunoResearch Laboratories, Inc.) at 1:100 in serum-free medium. Cells expressing Olig2 protein were counted using a Leica DMR fluorescence microscope.
Measurement of Cell Death
In order to ensure that cell death was not responsible for changes in gene expression, cell death was measured by three different assays. Initiually, to analyze toxicity of the oxidizing agents, BSO and tBOOH, we examined cell death using propidium iodide incorporation assay. Cell death was examined by the incorporation of propidium iodide and assessed after 24 and 72 hours. At low concentrations, neither BSO nor tBOOH significantly increased cell death. We chose to treat OPCs with the highest doses of BSO (100uM) and tBOOH (5uM) that did not significantly increase cell death. We also used antibody to activated caspase 3 (Cell Signaling Technology, Beverly, MA) and TUNEL analysis on A2B5 positive OPCs as previously described (Grinspan et al, 1998) . To estimate the number of activated caspase 3 or TUNEL positive OPCs, 10 random fields were examined per coverslip using the 40× lens. The number of activated caspase 3 or TUNEL positive cells was counted per field. These determinations were performed on cultures from 3 separate experiments. The average number of activated caspase 3 or TUNEL positive cells per field was used to calculate a mean and standard error after 24 and 72 hours of oxidant exposure.
Statistical Analyses
We analyzed real-time PCR and immunocytochemistry results with one-way analysis of variance (ANOVA) for repeated measurements of control, BSO and tBOOH exposed cell cultures. P value of <0.05 was defined as statistically significant.
Results
Oligodendrocyte Differentiation is Arrested Upon Exposure to Oxidative Stress
To show that both TBOOH and BSO significantly altered the redox ratio of cultured oligodendrocytes, we measured GSH and GSSG after 24 hours of treatment. There was a profound depletion of GSH in the OPCs, a slight increase in GSSG and a significant reduction in total glutathione following treatment with either agent (Table 1 ), indicating that both compounds are effective agents to model oxidative stress in oligodendrocyte lineage cells.
To examine the effects of oxidative insult on the development and maturation of oligodendrocytes, purified OPC cultures were established from P0-1 rats and seeded on coverslips. A2B5 and GalC positivity were used to define developmental stages of the oligodendrocyte lineage as previously described (Robinson et al, 1996) . After 24 (data not shown) and 72 hours of oxidant treatment, similar proportions of immature A2B5+ oligodendrocytes were present in all culture conditions while the proportion of mature, myelin-producing GalC+ oligodendrocytes was significantly reduced in the oxidant-exposed cultures compared to their timepoint controls (Figure 1 ). These data demonstrate that oxidant exposure leads to the arrest of oligodendrocyte differentiation at the precursor stage.
To rule out the possibility that TBOOH or BSO pushed the OPCs, which are still multipotential, to another neural lineage, we labeled cells following treatment with antibody to markers of astrocytes (GFAP) and neurons (Tuj1), counted the numbers of labeled cells versus DAPI+ nuclei and compared to controls. Fewer than 1% of the culture, treated or control, labeled with Tuj1. At 72 hours in defined medium, 5.1 ± 2.0% of the cells in the control cultures labeled with GFAP, 6.4 ± 3.0% of the cells in the BSO treated cultures and 6.2 ± 2.5% of the cells in the TBOOH treated cultures labeled with GFAP (n=3 separate preparations of cells). These cells clearly had the morphology of type 1 astrocytes (data not shown). This was not a significant increase. These data demonstrate that oxidant exposure does not inhibit differentiation by altering the neural lineage of the OPCs. The number of A2B5+ cells in the treated cultures is either the same (for BSO) as the controls or slightly lower (10% for TBOOH) suggesting that the cells that do not differentiate and remain precursors.
Oxidative Stress Alters Expression of Genes Regulating Oligodendrocyte Differentiation
To determine whether oxidative stress disrupts the normal step-wise progression of oligodendrocyte differentiation, we used quantitative real-time PCR to determine if expression of key genes that regulate normal oligodendrocyte differentiation was altered. Sox10 (Stolt et al, 2002) , Shh (Nery et al, 2001; Pringle et al, 1996) , HDAC3 (Shen et al, 2005) , Olig1 (Ligon et al, 2006) , Olig2 (Zhou et l, 2002) , Id2 and Id4 (Samanta & Kessler, 2004 , Marin-Husstege et al. 2006 Wang et al. 2001) are genes previously shown to be critical positive or negative regulators of oligodendrocyte differentiation. OPCs were exposed to oxidative agents BSO or tBOOH for 24 (data not shown) and 72 hours. Exposure to oxidative stress resulted in decreased expression of Sox10, Shh, and HDAC3, all genes important for promoting differentiation of oligodendrocytes (Figure 2) . Inhibitors of Differentiation (Id) proteins sequester basic helix-loop-helix factors, such as Olig proteins, and act as dominant negative regulators of differentiation (Benezra et al, 1990) . Exposure to oxidative stress resulted in significantly increased expression of Id2 and Id4, negative regulators of oligodendrocyte differentiation, and significantly decreased expression of Olig1 and Olig2.
In addition to decreased Olig1 expression as seen by q-PCR, we saw a change in the expression of Olig2 upon exposure to oxidative stress by immunoctochemistry. Although active Olig2 is thought to be localized in the nucleus and moves to the cytoplasm when inactive (Samanta and Kessler, 2004) , we observed an overall decrease in Olig2 expression in a significant number of treated cells by 6 hours after exposure to oxidative stress in either tBOOH or BSO (p< 0.014, Table 2 and Figure 3 ). Olig2 is necessary for differentiation and thus it's down regulation correlates with the decrease in other genes regulating maturation.
Arrested Maturation and Altered Gene Expression is Not Due to Cell Death
Oxidative stress leads to arrested maturation and altered expression of genes important for oligodendrocyte differentiation. The decrease in mature, myelin-producing GalC+ oligodendrocytes and expression of genes which regulate oligodendrocyte differentiation (Shh, Sox10, HDAC3, Olig1, Id2, Id4) is not caused by cell death as revealed by TUNEL and activated caspase 3 staining after 24 (data not shown) and 72 hours of exposure to oxidants BSO and tBOOH (Figure 4 , A-F). Quantitative analysis of TUNEL+ and activated caspase 3+ nuclei is shown in Figure 4 , G-H. There is a small but significant increase in the number of TUNEL positive nuclei in the tBOOH-exposed cultures. However, this increase does not appear to be large enough to account for the 10 to 20 fold decrease in key gene expression or decreased number of GalC+ oligodendrocytes. There was not a similar increased noted for activated caspase 3 treated cultures.
Global Histone Deacetylation is Prevented With Exposure to Oxidative Stress
Post-translational modifications of DNA and nucleosomal histones are known to play an important role in the differentiation of neural stem cells into astrocytes, neurons and oligodendrocytes (Feng et al, 2005; Hsieh et al, 2004; Roopra et al, 2000) . Global histone acetylation increases the expression of genes associated with neurogenesis and astrogliogenesis during the early stages of brain development (Ballas et al, 2001; Hsieh et al, 2004; Song et al, 2004) . In later stages of brain development, histone deacetylase activity increases allowing oligodendrocyte development and differentiation to begin (MarinHusstage et al, 2002) . Decreased histone deacetylase activity and persistent histone acetylation in oligodendrocyte progenitor cells has been shown to prevent differentiation to the mature phenotype (Liu et al, 2007; Shen et al, 2005) .
Oxidative stress was shown to be associated with decreased levels of histone deacetylase activity by real-time PCR (Figure 2) . Accordingly, exposure to BSO and tBOOH is associated with persistent global acetylation of histone proteins H3 and H4 compared to control as indicated by immunocytochemistry at 72 hours ( Figure 5 , A-F) (24 hour data not shown). Quantitative analysis of acetylated histone proteins H3 and H4 is shown in Figure  5G . Western blot analysis of acetylated histone H3 and H4 proteins reveals increased protein levels after 72 hours of exposure to oxidants in Figure 5H .
Discussion
In the present study, we examined how oxidative stress and reactive oxygen species (ROS) disrupts oligodendrocyte differentiation and leads to loss of mature myelinating oligodendrocytes. We have established an in vitro model of oxidative stress in oligodendrocytes and found arrested maturation of oligodendrocytes without an increase in cell death. In addition, oxidative stress was associated with alterations in expression of genes regulating oligodendrocyte differentiation and changes in global histone acetylation patterns. These results suggest that oxidative stress may directly interfere with the program of oligodendrocyte differentiation leading to the demyelination associated with neonatal brain injury.
Over the past two decades, oligodendrocytes have been the subject of research focusing on how injury to it's cellular lineage might result in periventricular white matter damage, the major form of brain injury and strong predictor of neurologic disability and cerebral palsy in survivors of preterm birth (Volpe, 2001b) . Impaired myelination is the hallmark of PWMI, suggesting that oligodendrocytes, the myelinating cell of the CNS, is the major cell lineage damaged by the many clinical conditions associated with brain injury. The reduction of oligodendrocytes associated with PWMI has been shown by many investigators to be associated with pro-inflammatory cytokine expression (Baud et al, 1999; Damman et al, 1997; Kadhim et al, 2001 Kadhim et al, , 2003 Yoon et al, 1997a,b) . Other investigators have noted the vulnerability of the oligodendrocyte cell lineage to excitatory glutamate toxicity and oxidative stress (Kavahaugh et al, 2000; Tekkok et al, 2001 ).
Reactive oxygen species (ROS) production is a well established sequela of ischemia and reperfusion caused by sepsis, hypoxia and impaired cerebral autoregulation (Chan, 2001; Hagberg et al, 2002; Traystman et al, 1991) . ROS are unstable molecules with unpaired electrons, capable of initiating cellular oxidative injury. Increased ROS production is linked to oxidation of proteins, DNA and lipids which cause direct cellular and tissue injury (Rahman, 2003) . Additionally, when generated close to the cell membrane, ROS cause lipid peroxidation of membrane phospholipids. The premature neonatal brain is at an additional disadvantage because of its high concentration of unsaturated fatty acids (Halliwell, 1992) . The peroxidative breakdown of unsaturated fatty acids impairs membrane function and inactivates cell surface receptors and enzymes. Several studies support the concept that oligodendrocytes display maturation-dependent vulnerability to oxidative damage caused by a developmental delay in the expression of antioxidant enzymes (superoxide dismutases-1 and -2, catalase, glutathione peroxidase), glutathione depletion or exogenous ROS Baud et al, 2004a,b; Fern et al, 2000; Folkerth et al, 2004) . This intrinsic vulnerability of OPCs to oxidative stress from free radicals and excitotoxicity induced by sepsis and hypoxic-ischemic injury is considered to be central to the pathogenesis of PWMI in the preterm infant. Reactive oxygen species also play a destructive role in the adult in inflammatory demyelinating disorders such as multiple sclerosis and Guillain-Barre syndrome, possibly by overpowering antioxidant defense systems within the cells. This can cause death of mature oligodendrocytes by apoptosis and subsequent demyelination. Attack by macrophages may also occur (Smith et al, 1999) .
Oxidant exposure to induce ROS in cell culture has been used extensively as a model to induce oxidative stress. Both L-buthionine sulfoximine (BSO) and tert-Butyl hydroperoxide (tBOOH) have been used widely in cell culture to study oxidative conditions. BSO is a selective inhibitor of gamma-glutamylcysteine synthetase. This enzyme catalyzes the first and rate-limiting step of glutathione synthesis, and its inhibition decreases cellular glutathione (Meister, 1992) . tBOOH is a membrane-permeant oxidant compound that generates tert-butoxyl radicals resulting in lipid peroxidation and depletion of intracellular glutathione. BSO and tBOOH are easily added to cell culture media at concentrations which reliably deplete glutathione but do not affect cell viability Scotti et al, 2003; Zhao et al, 2005) .
Our research supports the idea that oxidative stress decreases oligodendrocyte differentiation towards a mature, myelin-producing cell which was not caused by cell death as confirmed by TUNEL and activated caspase 3 immunocytochemistry. Other studies suggested cell death as the mechanism of decreased numbers of differentiated oligodendrocytes (Follett et al, 2000 (Follett et al, , 2004 Horiuchi et al, 2006; Pang et al, 2007) . We suggest rather that differentiation does not proceed after oxidant exposure and OPCs are arrested in an immature, nonmyelinating phenotype, identified by A2B5 positivity and GalC negativity. We did not determine whether oligodendrocyte differentiation would proceed normally if oxidant agents were removed from the cell media or if cell death would increase after 72 hours of exposure to oxidative agents.
To support our findings of decreased maturation, we found that oxidative stress downregulates the expression of genes known to play a major role in promoting oligodendrocyte differentiation at different stages of maturation. We have shown that oxidative stress decreases gene expression of Sonic Hedgehog (Shh), Sox10, histone deacetylase 3 (HDAC30, Olig1 and Olig2. Shh, a member of the hedgehog family of signaling molecules, can direct pluripotent neural stem cells to adopt an oligodendrocyte fate in both the spinal cord and forebrain (Nery et al, 2001; Orentas et al, 1999; Pringle et al, 1996) . While Shh is normally thought of as a specification gene, it has been suggested that Shh expression prevents the inhibition of oligodendrogenesis by members of the TGFβ family which can force oligodendrocyte progenitors to commit to the astrocyte lineage (Miller 2002 ). Sox10, a transcription factor, is restricted in the CNS to myelin-forming oligodendrocytes and their progenitors. Sox10 knock out mice develop progenitor cells, but terminal differentiation to oligodendrocytes never occurs as determined by lack of expression of multiple myelin proteins (PLP, MBP, CNP) by maturing oligodendrocytes (Stolt et al, 2002) . HDAC has been shown to be critical for differentiation in the developing brain by repressing genes that inhibit oligodendrocyte differentiation so that maturation and, therefore, CNS myelination can occur (Shen et a, 2005) . Olig1 and Olig2 are basic helixloop-helix transcription factors which are required for the generation of oligodendrocytes (Ligon et al, 2006) . In Olig 1/2 double mutant mice, there is a complete failure of oligodendrocyte development in all areas of the brain along with an increase in astrocytogenesis (Zhou et al, 2002) .
In addition to downregulation of factors which promote oligodendrocyte differentiation, oxidative stress increased the expression of Inhibitors of Differentiation (Id) Id2 and Id4. Members of the inhibitors of differentiation (ID) family of helix-loop-helix transcriptional inhibitors sequester basic helix-loop-helix factors, such as Olig genes, and act as dominant negative regulators of differentiation (Benezra et al, 1990; Wang et al, 2001) . Using immunocytochemistry, we demonstrated a decrease in Olig2 expression upon exposure to oxidative stress. Previous observations in vitro indicate that Id2 and Id4 interact with Olig1 and Olig2 in the cytoplasm after exposure to inhibitors of differentiation (Samanta et al, 2004) . Decreased expression of all of these factors contributes to decreased numbers of mature oligodendrocytes.
Oxidative stress decreased the activity of HDAC3 and coincided with prevention of global H3 and H4 histone deacetylation in OPCs. Prior research showed that persistent histone acetylation prevents the appearance of oligodendrocytes and favors the development of neural stem cells into neurons or astrocytes (Shen et al, 2005) . It has been recently shown that histone deacetylation, carried out by histone deacetylase (HDAC), is important for developing oligodendrocytes by either repressing neuronal and astrocytic genes or repressing negative regulatory elements in oligodendrocyte gene promoters, thereby allowing oligodendrocyte differentiation to proceed (Marin-Husstege et al, 2002; Liu et al, 2007) .
It was recently shown that oxidative stress and reactive oxygen species can alter nuclear chromatin remodeling leading to gene expression of pro-inflammatory mediators and pro-apoptotic and antiproliferative responses (Rahman et al, 1998; Guyton et al, 1996) . Further evidence suggests that oxidative stress and pro-inflammatory mediators modify and increase histone acetylation by a mechanism dependent on the activation of the MAP kinase pathway (Miyata et al, 2001; Bohm et al, 1997) . Several investigators reported that ROS increases histone acetylase (HAT) activity (Ito et al, 2001; Rahman et al, 2001) . Decreased action of histone deacetylase also appears to play a role. Histone deacetylase enzyme activity has been shown to be decreased under conditions of oxidative stress in alveolar epithelial cells (Moodie et al, 2003) . Because oligodendrocyte development from neural stem cells is dependent on decreased histone acetylase (HAT) activity and increased histone deacetylase (HDAC) activity, the imbalance towards HAT activity that occurs as a result of oxidative stress may favor the continued development of neurons and astrocytes at the expense of oligodendrocytes. Global histone acetylation is a characteristic of neurogenesis and astrocytogenesis. As suggested by other researchers, the lack of deacetylation likely represents a signal which contributed to the arrest of oligodendrocyte differentiation from the A2B5 precursor stage.
Defining the pathogenesis of PWMI in preterm infants and designing effective prevention and therapeutic strategies requires a more thorough understanding of cellular responses to inflammation, infection and oxidative stress. It is likely that multiple mechanisms contribute to the oligodendrocyte loss found in PWMI. Here we attempted to help elucidate how oxidative stress may lead to the disruption of oligodendrocyte differentiation, which may ultimately contribute to the diffuse hypomyelination found in PWMI. Our findings suggest that future research efforts should be directed towards further understanding the delicate signal transduction pathways that signal the beginning and proceedings of oligodendrocyte differentiation and how oxidative stress may lead to their disruption, with the ultimate goal of the development of antioxidant therapies to prevent or lessen the impact of PWMI. Oligodendrocyte differentiation after 72 hours of oxidant exposure. OPCs were doublelabeled in vitro with oligodendroglial markers A2B5 (red) and GalC (green) after 72 hours of oxidant exposure. The number of mature GalC+ cells was significantly decreased in the BSO (B) and tBOOH (C) exposed cultures compared to control (A) cultures. The majority of cells exposed to oxidative stress were arrested in the immature A2B5+ cell stage. Quantitative analysis of A2B5+ and GalC+ cells is shown in (D). The proportion of positive cells per 40× field was determined by counting 10 fields per coverslip from three separate experiments following indirect immunofluorescence using antibody to A2B5 and GalC. Data represent the mean plus standard deviation. *P < 0.05 vs. control. Expression of genes promoting or inhibiting differentiation of oligodendrocyte precursor cells. The graph shows significantly decreased expression of Shh, Sox10, HDAC3, Olig1 and Olig2 72 hours after exposure to oxidants compared to control and significantly increased expression of Id2 and Id4 after exposure to oxidants. cDNA expression from 3 separate experiments, each performed in triplicate, was averaged. The data are presented as the mean ± standard deviation. *P < 0.05 vs. control. Expression of Olig2 protein after exposure to oxidants is decreased. OPCs were labeled with Olig2 (red), A2B5 (green), and DAPI (blue) after 6 hours of oxidant exposure. Treatment with both tBOOH and BSO significantly reduced the number of cells strongly expressing Olig2. Arrows mark sample A2B5+ cells with decreased Olig2 expression. Cell death was quantitated using both the TUNEL assay and activated caspase 3 staining following 72 hours of exposure to oxidative agents. The density of activated caspase 3+ (A-C) or TUNEL+ (D-F) nuclei was unchanged between control and BSO-exposed culture conditions. There is a small but significant increase in the number of TUNEL+ positive nuclei in the tBOOH-exposed cultures compared to control, but this increase doesn't appear to be large enough to account for the 10 to 20 fold decrease in key gene expression or decreased number of GalC+ oligodendrocytes. Quantitative analysis of activated caspase 3+ and TUNEL+ (G) cells is also shown. The proportion of positive cells per 40× field was determined by counting 10 fields per coverslip in 3 separate experiments following indirect immunofluorescence using antibody to activated caspase 3 or TUNEL analysis. Data represent the mean plus standard deviation. *P <0.05 vs. control. OPCs were stained in vitro with antibodies to acetylated histone H3 (A-C) and acetylated histone H4 (D-F) after 72 hours of exposure to oxidative agents. The density of acetylated histone H3 and H4 was significantly higher in BSO-and tBOOH-exposed cells. Quantitative analysis of acetylated histone H3+ and H4+ nuclei is also shown (G). The proportion of positive cells per 20× field was determined by counting 10 fields per coverslip in three separate experiments following indirect immunofluorescence using antibody to acetylated histone H3 or H4. Data represent the mean plus standard deviation. *P <0.05. Western blotting was performed on OPC lysate after 24 and 72 hours (H). Analysis reveals an
